The effect of ions on the thermostability and unfolding of Na,K-ATPase from shark salt gland was studied and compared with that of Na,K-ATPase from pig kidney by using differential scanning calorimetry (DSC) and activity assays. In 1 mM histidine at pH 7, the shark enzyme inactivates rapidly at 20°C, as does the kidney enzyme at 42°C (but not at 20°C). Increasing ionic strength by addition of 20 mM histidine, or of 1 mM NaCl or KCl, protects both enzymes against this rapid inactivation. As detected by DSC, the shark enzyme undergoes thermal unfolding at lower temperature (T m ≈ 45°C) than does the kidney enzyme (T m ≈ 55°C). Both calorimetric endotherms indicate multi-step unfolding, probably associated with different cooperative domains. Whereas the overall heat of unfolding is similar for the kidney enzyme in either 1 mM or 20 mM histidine, components with high mid-point temperatures are lost from the unfolding transition of the shark enzyme in 1 mM histidine, relative to that in 20 mM histidine. This is attributed to partial unfolding of the enzyme due to a high hydrostatic pressure during centrifugation of DSC samples at low ionic strength, which correlates with inactivation measurements. Addition of 10 mM NaCl to shark enzyme in 1 mM histidine protects against inactivation during centrifugation of the DSC sample, but incubation for 1 h at 20°C prior to addition of NaCl results in loss of components with lower mid-point temperatures within the unfolding transition. Cations at millimolar concentration therefore afford at least two distinct modes of stabilization, likely affecting separate cooperative domains. The different thermal stabilities and denaturation temperatures of the two Na,K-ATPases correlate with the respective physiological temperatures, and may be attributed to the different lipid environments.
Introduction
Na,K-ATPase, an extensively studied member of the P-type ATPase family, is involved in regulation of cell volume, development of membrane potential, and transport of nutrients and water in animal tissues [1] . It is an oligomeric complex, where the α-subunit carries out ion transport coupled to ATP hydrolysis, the β-subunit is mostly a chaperone responsible for correct membrane insertion, and the γ-subunit (an FXYD-protein) modulates transport activities of the enzyme by affecting the apparent affinities for cations [2] . The three-dimensional organization of Na,K-ATPase at atomic resolution is not yet known, and for this reason the structure of the homologous enzyme, Ca-ATPase (SERCA 1a), is widely used for interpretation of results on the former [3] . This is justified because the sequence of the Na,K-ATPase α-subunit is highly homologous to that of the Ca-ATPase, with only minor gaps and insertions. Additionally, a 3-D model of pig kidney Na,K-ATPase αβγ protomer, based on cryo-electron microscopy of two-dimensional crystals, reveals distinct similarities between the catalytic α-subunit and the Ca-ATPase, given the predicted locations of the β-and γ-subunits in Na,K-ATPase [4] .
According to current structural classifications, the catalytic subunit of a P-type ATPase consists of four well-defined domains: a membrane-bound domain, extra-membranous domains involved in phosphorylation (P) or in nucleotide binding (N) , and the extramembranous hinge domain (A). Many members of the P-type ATPase family contain additional subunits that may be considered as separate domains in the overall structure of the enzyme. For the Na,K-ATPase, the two additional subunits β and γ each have a single transmembrane span. Differential scanning calorimetry (DSC) experiments with P-type ATPases, on the other hand, have been interpreted in terms of the unfolding of a smaller number of independent cooperative domains: two for the α-protomer Ca-ATPase [5] and the αβ-protomer gastric H,K-ATPase [6] , and three for the αβγ-protomer renal Na,K-ATPase [7] .
The common architecture of P-type ATPases implies a common mechanism of action. Transport of ions against their electrochemical gradients is coupled to ATP hydrolysis, and this coupling occurs through a conformational change (E 1 -E 2 ) of the enzyme molecule. Differences between these two major conformations have been characterized by various methods (see Refs. [1, 8] for reviews), and recently visualized in crystal structures of the Ca-ATPase [3, 9] . The most profound changes are in the relative positions of the extra-membranous domains. For renal Na,K-ATPase, the E 2 (K)-form (in 20 mM K + ) is more stable towards thermal denaturation than is the E 1 -form (in 20 mM Na + ) [10, 11] . Induction of the E 2 -conformer by 10 mM Rb + (a congener of K + ) similarly affords protection against inactivation and trypsinolysis on incubation at 55°C [12, 13] , a temperature at which thermal unfolding would otherwise occur.
To study the effect of cations and ionic strength on the stability, and the number of independent cooperative domains in the thermal unfolding of these enzymes we have chosen two almost identical proteins that function at different temperatures. In the present study, we characterize the effects of ionic strength and low concentrations of cations on the thermostability and thermal unfolding of Na,K-ATPase from tissues of different organisms: shark salt gland and pig kidney. These animals belong to the poikilotherms and homeotherms, respectively, and therefore the Na,K-ATPases are adapted to function at different temperatures (about 8°C for shark and 36°C for pig). Thermal unfolding [14] , and inactivation at low ionic strength, take place at lower temperatures for shark salt gland Na,K-ATPase than for the enzyme from pig kidney. Protection of both shark and pig kidney Na,KATPases from inactivation at low ionic strength is afforded by a variety of cations at millimolar concentration. Na + , Tris + , choline and protonated histidine are equally effective and protection appears to follow a simple Debye-Hückel dependence on ionic strength, whereas K + is more efficient, presumably due to induction of the E 2 (K)-form. Inactivation of shark Na,K-ATPase at low ionic strength, either thermally or as a result of high-speed centrifugation [15] , correlates with the pattern of multi-step thermal unfolding at higher temperatures. Centrifugation at low temperature selectively removes calorimetric components at higher temperatures within the unfolding transition, whereas incubation at increased temperature removes components at lower temperatures within the transition. Again protection is afforded by increasing the ionic strength.
Materials and methods

Enzyme preparation
Na,K-ATPase from the salt gland of Squalus acanthias was prepared according to the method of Skou and Esmann [16] , omitting the saponin treatment. Na,K-ATPase from pig kidney microsomal membranes was prepared by treatment with SDS and purified by differential centrifugation [17, 18] . The specific activity of both enzyme preparations was approximately 30 μmol ATP hydrolysed/mg protein per min at 37°C [19] .
Stability measurements
The purified membrane preparation (stored at 5 mg protein/mL) was diluted into buffer solution containing 1 or 20 mM histidine (neutralized to pH 7.0 with CDTA at the given temperature), with or without additional salt, to a final concentration of 0.1 mg/mL and incubated for up to 3 h at different temperatures. The cation concentration of 1 mM histidine at pH 7 is calculated to be 0.1 mM (pK a = 6.05 for histidine imidazole), which is neutralized by 0.03 mM of trivalent CDTA. Steady-state Na,K-ATPase activities were assayed at the time points shown in Figs. 1 and 2 by a 10-fold dilution of protein into an assay medium containing 130 mM NaCl, 20 mM KCl, 4 mM MgCl 2 and 3 mM ATP, with or without 1 mM ouabain, at 20°C. Phosphate liberation after 2-6 min was measured colorimetrically [20] .
Sample preparation for differential scanning calorimetry
Purified membrane preparations were diluted with 1 or 20 mM histidine (pH 7.0 at 20°C) to a final concentration of ca. 0.1 mg/mL. The sample was either incubated for 1 h at 20°C and centrifuged at 4°C for 2 h (20 000 rpm in a Beckman Ti70 rotor, average g = 29.400) or immediately subjected to centrifugation for 2 h at 4°C. The pellet was resuspended in the same buffer (at a protein concentration of ca. 2.4 mg/mL) and used for DSC experiments.
Differential scanning calorimetry
DSC measurements were performed using a VP-DSC calorimeter, with 0.5-mL sample and reference cells, from MicroCal, LLC (Northampton, MA). The instrumental baseline was determined before each sample scan, by filling both sample and reference cells with the buffer used for the membrane samples, and using the same scanning parameters. Samples were scanned between 5 and 95°C, at a rate of 1 K·min -1 , using the passive feedback mode of the VP-DSC instrument. Immediately after completion of the heating scan, a down-scan from 95 to 5°C was performed at the same 1 K·min -1 rate. Reversibility and repeatability of the unfolding process was checked by the down-scan and a second up-scan, respectively. Before the start, and between repeated heating cycles, the samples were allowed to equilibrate for 30 min at 5°C. The pH of the sample buffer (see Section 2.3) decreased from 7.0 at 20°C to about 6.7 at 50°C. Heat capacity data were corrected for the instrument baseline, and normalized for scan rate and protein concentration. The enzyme concentration of the sample in the DSC cell was determined by measuring the total protein content [19] and a nucleotide binding site concentration of about 2.8 nmol per mg protein for both the shark and kidney enzyme preparations was used for normalization [Fedosova and Esmann, unpublished] . Excess heat capacity profiles were analyzed by using the Origin software provided with the instrument. A progress baseline was fitted to each profile and subtracted, by selecting appropriate pre-and post-transitional segments. The number of components present in the first unfolding endotherm, the heat of denaturation (ΔH d ) and the transition temperature (T d ) were estimated in each case by fitting the thermogram with components corresponding to independent two-state transitions. The number of components in the fitting procedure was kept at the minimum possible that resulted in a good fit to the data. Decreasing the number of components by one resulted in a large increase in the value of χ 2 for the fit, whereas adding a further component produced only a modest reduction in χ 2 . For example, for the endotherm given later in Fig. 5 , decreasing the number of fitting components from five to four increased χ 2 by a factor of 12× whereas increasing the number of components to six decreased χ 2 by only ∼2×.
Results
3.
1. Activity profiles of shark and kidney Na,K-ATPase Fig. 1 shows the dependence of the activity of membranous shark salt gland Na,K-ATPase on time of incubation in 1 mM or 20 mM histidine, at either 4°C or 20°C. In 20 mM histidine, the shark enzyme is stable at both temperatures over a period of up to 3 h (only on incubation at 37°C for 1 h, is the shark enzyme appreciably inactivated in 20 mM histidine). In 1 mM histidine, activity of the shark enzyme decreases steadily on incubation at 4°C, and the inactivation becomes rapid on increasing the temperature to 20°C. Fig. 2 shows the time dependence of the activity of the pig kidney enzyme, when incubated under conditions similar to those of the shark enzyme in Fig. 1 . Both in 1 mM histidine and in 20 mM histidine, the kidney enzyme is stable at 20°C (as well as at 4°C -not shown): the activity does not decrease over a period of 3 h at either temperature. Only on incubation at around 40°C does the kidney enzyme begin to inactivate in 1 mM histidine. At 42°C the rate of inactivation of the kidney enzyme is similar to that of the shark enzyme at 20°C. In 20 mM histidine the kidney enzyme is stable both at 40 and at 42°C. These latter results correlate with the difference in physiological temperatures of the shark and pig.
Salt-and cation-induced stabilization of shark and kidney Na,K-ATPase
The stabilizing effect is not unique to histidine, but can be induced by other ions. Fig. 3A shows the dependence of the residual activity of shark enzyme, after incubation for 20 min at 20°C, on the concentration of NaCl or KCl in an incubation medium containing 1 mM histidine. Both NaCl and KCl at low concentrations are able to protect against inactivation, with halfmaximal protection achieved at ca. 0.2 mM and 0.1 mM, respectively, and full protection at above 1 mM salt. This salt concentration is comparable to the ionic strength of a 20 mM histidine buffer at pH 7.0, where approximately 10% of the histidine is protonated. Fig. 3B shows a similar experiment with the pig kidney enzyme but at 42°C, and the protective effect of NaCl is comparable to that for shark enzyme. For both enzymes, incubation in z 1 mM salt protects against inactivation over a 3 h period (shark at 20°C and kidney at 42°C). The better protection offered by KCl than by NaCl is more pronounced with kidney enzyme than with shark enzyme.
Tris and choline (as chloride salts) protect both shark and kidney enzyme against inactivation with the same concentration dependence as that of NaCl (see Fig. 3 ). This indicates that the better protection by KCl is a specific effect (presumably induction of the E 2 (K)-form), and that the identical protective effects of NaCl, TrisCl and cholineCl are due to electrostatic shielding effects, which can be described within the framework of Debye-Hückel theory (see Discussion). Fig. 4 shows the DSC heating scans for membranous shark Na,K-ATPase preparations at different ionic strengths and under various preparation conditions. The four distinct protocols, which correspond to the four panels (A-D) of Fig. 4 , were designed to test the factors affecting enzyme stability as established here by activity measurements and in a previous study on the effects of high-speed centrifugation [15] . Panel A corresponds to the control situation: the fully active enzyme is in 20 mM histidine and all preparation procedures, including centrifugation, were performed at 4°C. Fig. 4A gives the first heating scan; for this and all other samples, the thermal denaturation is irreversible. Neither the cooling nor the reheating scans contained any transition peaks, and the post-transitional baselines at the end of the first heating scans showed no signs of sample aggregation. As seen from Fig. 4A , the thermal unfolding is not a simple single two-state transition; up to four components are required to fit the complete endotherm. Heats of unfolding and mid-point temperatures of the component peaks are listed in Table 1 . The peak maximum of the overall endotherm is at 45°C, but components with comparable heats of unfolding are present at 33, 41 and 50°C. Fig. 4B shows the first heating scan for shark enzyme in 20 mM histidine that was preincubated for 1 h at 20°C prior to centrifugation at 4°C. The shape of the endotherm is similar to that of the sample that was not preincubated at 20°C, and the total enthalpy is similar to that of the control (see Table 1 ). This result correlates with the protection of the shark enzyme against inactivation that is afforded by 20 mM histidine (see Fig. 1 ).
Differential scanning calorimetry of shark membranes
Fig . 4C shows the first DSC heating scan for shark enzyme in 1 mM histidine that was kept at 4°C during the sample preparation and not preincubated at higher temperature prior to centrifugation. The result is a considerable change in shape of the endotherm and reduction in overall heat of transition (see Table 1 ), relative to control enzyme in 20 mM histidine. Principally, heat is lost from components of the control endotherm that occur at higher temperature (cf. Fig. 4A ). This reduction in heat of unfolding correlates with the inactivation of the shark enzyme by centrifugation at low ionic strength [15] , and also with the steady rate of inactivation on incubation in 1 mM histidine at 4°C (see Fig. 1 ). Of the net 35% reduction in activity (see Table 1 ), up to ca. 15% could be attributed to centrifugation, because the enzyme is inactivated by approximately 20% simply during incubation at 4°C for 2 h (see Fig. 1 ). Addition of 10 mM NaCl protects against inactivation during centrifugation and Fig. 4D shows the first DSC heating scan of shark enzyme in 1 mM histidine that was preincubated for 1 h at 20°C, but to which 10 mM NaCl was then added prior to centrifugation at 4°C (note that NaCl was present during the centrifugation step only). Again, the shape of the calorimetric endotherm differs considerably from that of the control (Fig. 4A ), but in a very different way from that of the enzyme in 1 mM histidine that was not preincubated but lacked NaCl in the centrifugation step (Fig. 4C ). In this case (i.e., Fig. 4D ), heat is lost from the components with lower mid-point temperatures in the control sample. This corresponds to the ca. 70% inactivation of the shark enzyme (see Table 1 ), which is accounted for completely by the incubation at 20°C for 1 h in 1 mM histidine in the absence of NaCl (see Figs. 1 and 3 ). Fig. 5 shows the DSC heating scans for membranous Na,KATPase preparations from pig kidney under the various conditions used for the shark enzyme in Fig. 4 . The thermal unfolding of the pig kidney enzyme takes place at a higher temperature than that for the shark enzyme. The heat capacity maximum occurs at ca. 54°C for the control sample in 20 mM histidine (Fig. 5A) . The shape of the denaturation endotherm of the pig kidney Na,KATPase also differs from that for the shark enzyme. It similarly consists of several components, but is disinguished from the endotherm of the shark enzyme by broad transitions lying at higher temperature (compare Figs. 4 and 5) . Mid-point temperatures and corresponding heats of transition for the different components are listed in Table 2 . Also, unlike the shark enzyme, the thermal unfolding of the pig kidney enzyme does not depend greatly on the ionic and incubation conditions. In particular, the total heat of unfolding remains the same for all four endotherms in Fig. 5 (see Table 2 ). This different behaviour correlates with the enhanced stability of the pig kidney enzyme that is revealed by the activity studies presented in Fig. 2 . Centrifugation of the pig enzyme in 1 mM histidine did, however, shift the overall endotherm to lower temperature (compare Fig. 5C and A) . 
Differential scanning calorimetry of pig kidney membranes
Discussion
The present study reveals marked differences in both thermostability and thermal unfolding between pig kidney and shark salt gland Na,K-ATPases. The activity of pig kidney enzyme is stable to higher temperatures, is less affected by centrifugation and low ionic strength, and the protein denatures at a higher temperature. For the shark enzyme, there is a clear correlation between the inactivation at low ionic strength, both by centrifugation and by elevated temperature, and the multicomponent thermal unfolding. Moderately high ionic strength (above 1 mM salt) produces stabilization that is not cationspecific, for both shark and pig kidney Na,K-ATPase.
Comparison of shark and pig Na,K-ATPase membranes
The major protein component in both pig and shark Na,KATPase is the α-subunit. The amino acid sequence of the shark α-subunit is 86% identical with the pig kidney sequence (93% homology) and 89% identical with that of Torpedo californica (94% homology), i.e., a very strong similarity between species. Fig. 6 shows the location of the 42 residues that are different between pig and shark (i.e., neither identical nor homologous), using the Ca-ATPase structure as template. In addition, there are 19 differences between pig and shark in the N-terminal part of the Na,K-ATPase α-subunit that do not map onto the Ca-ATPase. This N-terminal stretch (cf. Fig. 6 ) contains 37 residues for shark enzyme (30 for pig) and is the longest region with extensive differences between shark and pig sequences, which could point to a stabilizing role of this domain in the pig enzyme. It seems improbable, however, that the relatively small differences between the α-subunits of the pig and shark Na,KATPase alone can account for the large difference in overall melting temperature.
The phospholipid composition of shark rectal gland membranes [21] shows an average unsaturation index (the number of double bonds per 100 fatty acid chains) of 210 and an average chain length of 18.1-18.6, and the phospholipid/cholesterol ratio is 1.66 mol/mol. In comparison, phospholipids from purified rabbit kidney Na,K-ATPase membranes (purified by the same methods and to the same extent as for the pig kidney enzyme) have an average unsaturation index of 115 and an average chain length of 17.4 (calculated from Tables 1 and 2 in Ref. [22] , and the phospholipid/cholesterol ratio is 1.4 mol/mol (it is assumed that the lipid composition of purified rabbit kidney plasma membranes is representative of that for mammalian kidney plasma membranes). The lipid mobility in shark membranes, deduced from the ESR spectra of spin-labelled fatty acids, is considerably higher than that at the same temperature in pig kidney membranes, in agreement with the larger unsaturation index (data not shown).
The difference between the thermal stability of pig and shark enzymes could thus be related to the properties of the lipid bilayer. The higher mobility of the shark membrane lipids, at a given temperature, will lead to a more flexible (or less constrained) protein structure and thus to a higher probability of unfolding. It is notable in this connection that partial delipidation of the enzyme upon solubilization with the detergent octaethyleneglycoldodecylmonoether (C 12 E 8 ) confers a greater thermolability. Solubilized pig kidney Na,K-ATPase aggregates readily at elevated temperatures [11] , and thermal unfolding of solubilized shark enzyme occurs at a temperature 8 degrees lower than for the membrane-bound form [14] . In the latter work it was also observed that the main DSC-transition for membranous shark enzyme was lower by about 10°C compared to kidney enzyme, in agreement with our findings (Tables 1 and 2 ).
Interpretation of the unfolding curves
In principle, multiple components in the overall unfolding transition could be attributed either to different steps in the unfolding pathway or to independent unfolding of different domains (or to a combination of both). The removal of different specific components by centrifugation or by incubation at elevated temperature at low ionic strength favors an interpretation in terms of domain unfolding, at least for the shark enzyme. (If autonomously unfolding domains were not involved, these components could not be removed independently.) Neither the centrifugation step nor the incubation at elevated temperatures leads to a change in the protein composition of the membranes, as evidenced by gel electrophoresis in the presence of SDS (data not shown). Because of the high thermodynamic stability of H-bonding in the hydrophobic environment of the transmembrane helices [23, 24] , it is expected that the principal unfolding transitions are confined largely to the extramembranous sections of the protein. It is not possible, however, Fig. 6 . Residue differences between Na,K-ATPase α-subunits from shark rectal gland and pig kidney. The Ca-ATPase structure (PDB:1t5 s) is used as a template and the positions of the 42 residues neither identical nor homologous between shark (GenBank accession number AJ781093) and pig α-subunits [37] are shown with the C-a atoms given as black spheres. The putative location of the bilayer is indicated by the horizontal lines. The sequence of the N-terminal stretch of Na,K-ATPase from shark is compared with that from pig, with identities and homologies (+) indicated. This figure was prepared using PyMOL [38] .
to attribute the components resolved in Tables 1 and 2 unambiguously to specific structural domains because, in spite of the high homology (see Fig. 6 ), the calorimetric endotherms differ considerably between shark and pig kidney enzymes. In addition, DSC thermograms of other P-type ATPases, H,K-ATPase [6] and Ca-ATPase [5] , have been interpreted in terms of the unfolding of just two independent domains. Also, kinetically limited irreversible unfolding can distort the shape of the calorimetric peaks, adding uncertainty to the number of components if fitted with reversible two-state transitions [5] .
Previous experiments with pig kidney Na,K-ATPase showed only three components in the unfolding transition, one of which was attributed to the β-subunit [7] . These three components have a total heat of unfolding of 1760 kJ·mol -1 and correspond reasonably well in position and amplitude to the three lower temperature components in Fig. 5A for pig kidney Na,K-ATPase, which together have a total heat of unfolding of 2050 kJ·mol -1 . In relative position and amplitude, the two components at higher temperature in Fig. 5Awith a total heat of unfolding of 840 kJ·mol -1 resemble the second component in the unfolding endotherm of Ca-ATPase [5] , which has a heat of unfolding of 380-630 kJ·mol
The denaturation profile for pig kidney Na,K-ATPase, however, is shifted as a whole to somewhat higher temperatures than that of the Ca-ATPase.
On a mass basis, the total heat of unfolding amounts to 11.7 J/g for shark Na,K-ATPase and 17.1 J/g for the pig kidney Na,KATPase. Corresponding values for H,K-ATPase [6] and CaATPase [5] are 7.9 and 15.5-18.0 J/g, respectively. For comparison, the mean specific unfolding enthalpy for 12 representative water-soluble proteins is 32.6 ± 2.9 J/g [25] . The incomplete unfolding of the membrane proteins relative to the water-soluble proteins can be attributed to the stability of the transmembrane helices. Extensively proteolysed H,K-ATPase membranes exhibit no calorimetric unfolding transitions up to 80°C [6], and we have been unable to detect calorimetric transitions in shark Na, K-ATPase membranes that were trypsinized according to the protocol of Ref. [26] , which removes 50% of the extramembranous mass of the α-subunit.
Salt-and cation-induced protection against inactivation
The stabilization of the Na,K-ATPase found here is basically a non-specific effect of ionic strength, but can be enhanced by specific binding. KCl displays specificity because it offers better protection than does NaCl, TrisCl or cholineCl, whereas the three latter are equally effective and therefore contribute only the non-specific effect of ionic strength (see Fig. 3 ).
The ionic strength dependence of the protection afforded by Na + , Tris + and choline + salts can be described by the DebyeHückel theory [27] . It is assumed that the enzyme stability is modulated by mutual interactions between charged residues in the protein and possibly also by electrostatic interactions with the surrounding lipid (cf. Refs. [28, 29] ). The rate constant for inactivation is then given by:
where α is the interaction parameter of the limiting DebyeHückel model, which applies for ionic strengths I b 0.01 M, and k 0 is the inactivation rate constant in the absence of cations (i.e., I = 0). The activity, A t , measured at time t is proportional to the concentration of active enzyme remaining, hence for a first-order decay:
where A 0 is the initial activity at time t = 0. A least-squares fit of Eq. (2) to the activities at t = 20 min for shark enzyme in solutions of NaCl is given by the lower solid line in Fig. 3A (note that at each concentration of NaCl the total ionic strength is calculated and used in the fitting procedure). This yields values of k 0 =0.27 min -1 at 20°C and α = 130. A corresponding fit for the pig kidney enzyme is given in Fig. 3B , yielding values of k 0 =0.89 min -1 at 42°C and α = 210. Within the limits of validity of the Debye-Hückel theory, the interaction parameter α is numerically equal to the sum of the products of the numbers of interacting charges that are involved in the stability of the enzyme. The relatively large values of α therefore suggest that the inactivation that is protected against by ions corresponds to a rather global electrostatic interaction involving many charged residues on the protein.
The superior protection against inactivation that is afforded by K + ions can be attributed to specific binding. It is well known that a K + -occluded form of the enzyme, E 2 (K), is induced by micromolar concentrations of K + ions [30] . The binding reaction is given by E 2 + K + ↔ E 2 (K), with a dissociation constant for
. We assume for simplicity that the E 2 (K) form of the enzyme is fully stabilized against thermal inactivation. Loss of activity therefore occurs solely in the nonliganded E 2 -form of the enzyme, which is stabilized through a non-specific effect of ionic strength (see above). The fraction of enzyme without bound K + is 1/(1+[K + ]/K K ), which is the factor by which the rate constant for inactivation is reduced by binding of K + ions. The activity after 20 min incubation in a solution of K + ions is therefore given by:
where I is the ionic strength of the solution which includes the contribution from the K + ions. A least-squares fit of Eq. (3) to the K + -data for pig kidney enzyme is given by the upper solid line in Fig. 3B . Both k 0 and α were fixed during the fitting at the values determined from the Na + -data. This resulted in a dissociation constant for K + of K K =13 μM, in good agreement with that expected for induction of the E 2 (K)-occluded form of the kidney enzyme [30] . Similar analysis of the K + -data for the shark enzyme gave a dissociation constant of K K = 130 μM. The latter is somewhat larger than that expected for occlusion of K + by the shark enzyme, since comparable dissociation constants for K + with shark and kidney Na,K-ATPase are usually obtained [31] . It is possible that the assumption that the occluded enzyme does not inactivate holds less well for the shark enzyme than for the kidney enzyme. This would result in an artificially low K + affinity being deduced for the shark enzyme.
Correlation of inactivation and thermal unfolding
Incubation of shark Na,K-ATPase for 1 h at 20°C under conditions of low ionic strength results in 70% loss of activity (Table 1 ) and the loss of components at lower temperature from the calorimetric endotherm (Fig. 4D) . Relative to the control at higher ionic strength (Fig. 4A) , the component at lowest temperature is lost entirely and that at next lowest temperature is reduced in amplitude (see Table 1 ); these components correspond to the less stable states or domains. Incubation of pig kidney Na, K-ATPase under the same conditions produces no inactivation (Table 2 ) and little difference in the unfolding endotherms ( Fig. 5A and D) . Higher ionic strength is, however, able to protect against the inactivation of the pig enzyme that occurs at 42°C in 1 mM histidine (Fig. 2) .
Centrifugation of shark Na,K-ATPase for 2 h at 4°C under conditions of low ionic strength results in 35% loss of activity (Table 1 ) and the loss of components at higher temperature from the calorimetric endotherm (Fig. 4C) . Relative to the control at higher ionic strength (Fig. 4A ), the component with T d =45.1°C preceeding the highest temperature peak is lost entirely, which accounts almost completely for the total decrease in heat of unfolding of 630 kJ·mol -1 (see Table 1 ). Centrifugation of pig kidney Na,KATPase under the same conditions produces no inactivation (Table 2 ) but a marked change in the unfolding endotherms ( Fig. 5A and C) . Components of the endotherm at lower and intermediate temperatures are shifted to lower temperature and heat is lost from the intermediate component. This destabilization does not, however, lead to a decrease in overall heat of unfolding.
Monovalent chloride salts are therefore able to stabilize the Na,K-ATPase in at least two distinct ways because centrifugation and high-temperature incubation at low ionic strength have very different effects on thermal unfolding.
Comparison with other studies
Exposure to proteases and kinases has been investigated after heating kidney Na,K-ATPase to 55°C [12, 13] , a temperature within the thermal unfolding transition (see Fig. 5 and Ref. [7] ). Incubation of pig [13] or rat [12] kidney enzyme for 30 min at 55°C causes unfolding of the extracellular part of the β-subunit with retention in the membrane, and extrusion of up to three transmembrane spans (M8-M10) and the C-terminus of the α-subunit at the extracellular side of the membrane. Subsequent studies [32] showed that the γ-subunit is also lost from the membrane. This reorganization of the intramembrane domain may account partly for the higher heat of unfolding of the Na,K-ATPase from pig kidney relative to that from shark salt gland (see Tables 1 and 2 ). Interesting also in this context is the finding that the β-subunit of kidney Na,K-ATPase can be cleaved proteolytically [12, 13] whereas that of the shark enzyme is completely resistant to trypsin [26] . SERCA1a Ca-ATPase, which has a single subunit, loses 60% of its activity after 120 min at 41°C [33] , whereas kidney Na,K-ATPase is completely stable over this period at 42°C when in the presence of ions (see Fig. 2 ). This suggests that part of the enhanced stability of Na,K-ATPase might arise from interactions between subunits. Indeed, renal Na,K-ATPase from mice lacking the γ-subunit (FXYD2) gene is found to exhibit increased thermal lability [34] . Additionally, the γ-subunit (FXYD10) from shark Na,K-ATPase [35] interacts differently with the α-subunit and is more sensitive to proteolysis by trypsin than is that from kidney [36] , suggesting a looser interaction between subunits for the former. This difference in strength of intersubunit associations, possibly mediated by lipid-protein interactions, could contribute to the lower thermostability of the shark enzyme.
In conclusion we have shown that Na,K-ATPase from a warmblooded animal (the pig) is much more stable towards thermal denaturation than Na,K-ATPase from the cold-blooded shark, and that enzymatic stability and structural stability is correlated. In addition we find that stabilization is very ionic strength dependent for both types of enzyme, with protection requiring only a few millimolars of monovalent chloride salts.
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